The role of the materials used in the urban fabric is highly important for the microclimate and the energy loads of the cities. This has led to the research and development of innovative solutions with advanced thermal and optical properties. Thermochromic coatings that are reflective in summertime and absorptive in wintertime can address the demand for lower surface temperatures and energy savings. The function, however, of thermochromic materials in outdoor spaces is complex as they degrade when interacting with solar radiation. Various techniques with UV absorbers and UV filters prove that ultraviolet radiation is not the only parameter that affects thermochromism. This study aims to go one step forward and investigate the factors that destroy the reversible thermochromic circle besides UV radiation. Combinations of UV and optical filters were used on thermochromic coatings applied on concrete tiles under accelerated aging conditions of a one-month period to isolate the parts of solar spectrum that cause the photodegradation. The measurements of reflectance and color prove that the use of UV filter did not improve significantly the dark phase of thermochromic effect, while at the white phase, SR was reduced by 5% and SRvis was reduced by 9.7% compared with the uncovered sample. Covering the sample with red filter, which cuts off wavelengths below 600nm, protects most efficiently the reversible color change of the thermochromic coating as the solar reflectance at the dark phase remains unaffected during the whole experimental period.
INTRODUCTION
Elevated temperatures in cities compared with surrounding rural or suburban areas provoke the heat island effect. It is mainly related to the high density of buildings and urban structures that absorb solar radiation, the use of highly absorbing materials, lack of green spaces, the characteristics of the urban canyons and the production of anthropogenic heat. Increasing the demand for energy and cooling loads, accelerating the formation of harmful smog and causing human thermal discomfort and health problems by intensifying heat waves over cities are the main effects of the phenomenon of urban heat island effect. Various mitigation techniques to fight heat island effect have been proposed. Besides the need for vegetation and green spaces, the role of materials used in the urban fabric is also very important for the microclimatic thermal balance. They absorb solar and infrared radiation and dissipate part of the accumulated heat through convective and radiative processes into the atmosphere, increasing ambient temperature. Thus, the optical and thermal characteristics of the materials used determine to a high degree the energy consumption and comfort conditions of individual buildings as well as of open spaces [1] [2] [3] [4] [5] [6] .
The main properties of a material that controls its surface temperature are the solar reflectance and the infrared emittance [7] . Increased values of reflectance and/or emittance result in lower surface temperatures. Regarding the building's performance, lower surface temperatures decrease the heat penetrating into the building and, therefore, decrease the cooling loads in case of air-conditioned buildings, or create more comfortable thermal conditions in case of non-air-conditioned buildings. In an urban environment, it contributes to decrease in the ambient air temperature, mitigating the heat island effect [2, 4, 8, 9] .
The intensive research that has been carried out in recent years has led to the development of new-generation materials and techniques that present advanced thermal characteristics, dynamic optical properties, increased thermal capacitance and a much higher heat island mitigation potential [6] . One main requirement of an innovative material is the ability to be more reflective and present lower surface temperatures during the cooling period, while being more absorptive and taking advantage of the solar gains during the heating period [10] . This property can be described and analyzed by thermochromism. The thermochromic effect can be defined as a change in the spectral properties of an organic or inorganic substance caused by heating or cooling. In intrinsically reversible organic thermochromic systems, heating above a defined temperature causes a change in color from darker to lighter tones. This transition is achieved by a thermally reversible transformation of the molecular structure of the pigments that produces a spectral change of visible color. When temperature decreases below the color-changing point, the system returns to its thermally stable state [11] [12] [13] [14] [15] [16] .
Toward this direction, thermochromic color-changing coatings have been developed and tested. Thermochromic pigments have been developed as three-component organic mixtures, and they were incorporated into common white coating [13, 14] . After an hour of exposure to solar radiation and for ambient temperatures below 208C, the thermochromic coating could absorb almost the same amount of solar energy as an ordinary colored coating, but when the temperature was .208C, it could reflect more solar energy, presenting 48C lower temperature than the ordinary colored coating [14] . Karlessi et al. developed eleven thermochromic coatings at a color-changing temperature of 308C by using thermochromic pigments into an appropriate binder system and tested their thermal and optical characteristics against color matching conventional and cool (highly reflective) coatings [10] . The results for the brown thermochromic coating indicate higher values for the solar reflectance (SR ¼ 0.55 for the colored and SR ¼ 0.76 for the colorless phase) compared with the common (SR ¼ 0.18) and cool coatings (SR ¼ 0.41) of the same color. Mean daily surface temperature during a hot summer was also measured, and the temperature difference between common and thermochromic coatings was DT ¼ 11.3K and that between cool and thermochromic coatings was DT ¼ 9.2K. The thermal effect of improved reversibly thermochromic cement-based material (white cement mixed with 10% black microcapsule, and its switching temperature was 248C) was tested [12] . At the lower temperature (108C), the material could absorb light and make the temperature higher than that of normal white Portland cement by 38C. At the higher temperature (308C), the material could reflect light and make the temperature the same as that of normal white Portland cement.
These results reveal the potential of thermochromic materials to avoid overheating in summertime and absorb heat in wintertime when it is necessary.
However, photodegradation is a major problem for thermochromic materials when exposed to an outdoor environment. Interaction with solar radiation causes the breaking and/or crosslinking of the polymer chains, leading to altered chemical and mechanical properties and loss of the reversible thermochromic effect [17, 18] . During a 10-day experimental period in outdoor conditions of eleven thermochromic coatings, the colored phase faded and solar reflectance was increased, while the tone of the colorless phase became darker and solar reflectance was decreased [10] . Ma et al. indicated a significant change in the trichromatic coefficient of two thermochromic coatings after 400 h of aging.
Various techniques have been tested to decrease the degradation of the thermochromic coatings and improve their outdoor performance. Experiments proved that when UV absorbers are incorporated in the thermochromic coatings, the optical efficiency does not improve and the aging problems remain. Efficiency is improved when the UV protectors are applied on the surface of the coatings but still the problem of degradation is important. UV filters with a transmittance at the UV part of the solar radiation close to zero have also been used for the photostabilization of the thermochromic coatings [6, [19] [20] [21] . Results, however, showed that although the optical performance improves considerably the problem remains. This indicates that not only the ultraviolet but also other parts of the solar radiation interact with the molecular bonds, having a negative effect on thermochromism. The advantages that can be derived from their colorchanging properties concerning energy efficiency in buildings, indoor air environment and urban microclimate encourage further investigation [10] and have inspired this work.
The following study aims to investigate the optical performance of a thermochromic coating under accelerated aging conditions, using combinations of UV and optical filters to isolate the influence of different parts of the solar radiation.
THERMOCHROMIC COATINGS

Composition-production
For the production of the thermochromic coating, organic water-based red thermochromic pigments of powder form and a color-changing temperature of 258C were used.
The red thermochromic pigment (Kelly Chemical Corporation) is an odorless and non-hazardous powder composed of thermochromic colorant (8-12%), melamin resin (2 -8%) and temperature controller, usually an alcohol (80 -90%). Pigments are microencapsulated with an average particle size of 1-10 mm. Microencapsulation serves as a barrier between the thermochromic system and the chemicals around it, such as the paint base, protecting the system from weather conditions, oxidation, etc. [11, 16, 22] .
An appropriate binder system that should not itself absorb infrared radiation was produced for the development of the thermochromic coatings. The system composed of water (32%), thermochromic pigment red (12%) and titanium dioxide (9%) to avoid transparency at the colorless state and other additives. With a temperature increase above 258C, the thermochromic coating becomes transparent, revealing the color of the substrate.
Application
The thermochromic coating was applied on concrete tiles of size 6 cm Â 6 cm. In Figure 1 , the thermochromic sample in three different thermal phases before the exposure to accelerated aging conditions is presented. Figure 1a depicts the sample in full coloration at a temperature of 108C, while in Figure 1c , the sample is completely decolorized at a temperature of 358C. An intermediate phase is presented in Figure 1b .
OPTICAL AND UV FILTERS
To protect the samples from the exposure to accelerated aging conditions, the following optical and UV filters were used: † red filter (Hoya type R-60, Edmund Optics Inc.
[23]) † yellow, blue and green filter (Kodak Wratten, Edmund Optics Inc.) † UV glass filter (Optivex, Pegasus Lighting [24] )
The transmittance of the filters at a range of 300-2500 nm and at the visible range of 380 -760 nm is presented in Figure 2a and b, respectively.
The appropriate selection of the filters was based on their transmittance range and the aim was to cover partially the whole wavelength range, providing thus the ability to isolate the influence of the aging conditions in each part of the spectrum and for each filter.
EXPERIMENTAL PROCEDURE OF ACCELERATED AGING
Accelerated aging of the samples was performed in an Accelerated Aging Xenon Test Chamber (Q-SUN, Xe-3HS) [25] for a one-month period in a 24-h basis continuously according to the specifications and requirements of ISO 11341: Paints and varnishes -Artificial weathering and exposure to artificial radiation-Exposure to filtered xenon arc radiation [26] .
Xenon arc lamp test chamber tests materials for photostability by exposing them to ultraviolet, visible and infrared radiation. It produces the most realistic simulation of fullspectrum sunlight using filtered xenon arc light.
With a nominal cut-on of 295 nm, the daylight filter used provides the most accurate spectral match with direct sunlight. The filter is recommended for the best correlation between the accelerated aging test chamber and natural outdoor exposures and conforms to the spectral requirements of ISO 4892, ISO 11341, ASTM G155, SAE J1960 and SAE J2527.
The test chamber is equipped with a precision light control system which allows the choice of the desired level of irradiance. Irradiance is monitored and controlled at 340 nm. Temperature monitoring and control is performed by a black panel temperature sensor which controls the specimen's surface temperature and simultaneously by the chamber air temperature control to give the ultimate determination of the specimen temperature.
The effects of outdoor moisture are simulated by direct, pure water spray and by relative humidity control. Spraying cycle was skipped to isolate the effect of radiation.
The relationship between tester exposure and outdoor exposure depends on a number of variables, including the following: † the geographical latitude of the exposure site (closer to the equator means more UV), † altitude (higher means more UV), † local geographical features, such as wind to dry the test samples, or the proximity of a body of water to promote dew formation, † random year-to-year variations in the weather, which can cause degradation to vary as much as 2:1 in successive years at the same location, † seasonal variations (i.e. winter exposure may be only 1/7th as severe as summer exposure), † orientation of the sample, † sample insulation, † operating cycle of the tester (hours of light and hours of wetness), † operating temperatures of the tester (hotter is faster), † the particular material tested. The spectral power distribution of the laboratory light source.
Obviously, it is logically meaningless to talk about a conversion factor between hours of accelerated weathering and months of outdoor exposure. One is a constant condition, whereas the other is variable. In other words, weathering data are comparative and not absolute data. It is important to denote that any 'rule of thumb' that might have been developed by laboratories to convert tester hours into outdoor exposure hours is empirical from empirical comparisons of the laboratory's own accelerated tests with their own outdoor exposures [27] . Furthermore, the rule of thumb conversions is valid only for the following: † the specific material tested. † the specific set of laboratory tester time cycles and temperature. † the specific outdoor exposure site and sample mounting procedure.
The field of accelerated aging of thermochromic materials is still rather unknown, and no empirical rule has been produced. The weathering procedure that has been followed meets the standard ISO 11341 simulating intense outdoor conditions with the specifications (Table 1 ) and the use of a daylight filter, which produces spectra approximately equivalent to direct, noon summer sunlight. The filters were placed on top of the samples covering the thermochromic surface as shown in Figure 3 : a, sample with red and UV filter; b, sample with blue and UV filter; c, with green and UV filter; d, with yellow and UV filter.
In total six thermochromic samples were submitted under testing:
-sample without filters (uncovered), -sample with UV filter, -sample with UV and blue filters (UV þ B), -sample with UV and red filters (UV þ R), -sample with UV and green filters (UV þ G), -sample with UV and yellow filters (UV þ Y). 
MEASUREMENTS OF SOLAR REFLECTANCE AND COLOR
The spectral reflectance, color coordinates and brightness were measured for each sample every five days at the colored (below the transition temperature) and the colorless (above the transition temperature) state. The solar reflectance and color difference DE were calculated. Comparative study of the values for every sample before the exposure and every five days after until the 30th day when the exposure was finished was carried out.
Measurements of spectral and calculation of solar reflectance
The spectral reflectance of the samples was measured at a range of 300-2500 nm of the solar spectrum that includes a part of the ultraviolet radiation (UV: 300 -400 nm), the visible (VIS:400 -700 nm) and the near-infrared part (NIR: Go to step 1 700-2500 nm). A UV/VIS/NIR spectrophotometer (Varian Carry 5000) was used for measuring the spectral reflectance of the samples. The spectrophotometer is fitted with a 150 mm diameter integrating sphere (Labsphere DRA 2500) that collects both specular and diffuse radiation. The reference standard reflectance material used for the measurement was a PTFE plate (Labsphere). Measurements were conducted according to ASTM E903-96 standard [28] . 
Measurements of color coordinates, brightness and color difference
The Carry Color Calculations application is a module that allows performing calculations on data collected by Varian Carry 5000. Calculations are performed for tristimulus values X, Y, Z, chromaticity coordinates x, y, z and color coordinates for CIE L*a*b*. Color difference DE* ab is also calculated. The set-up is for a selectable wavelength range of 380-780 nm at an interval of 1nm, with a D65 illuminant and a CIE (1964) 108 observer. The CIE tristimulus values X, Y, Z are three imaginary primaries that were developed to overcome the problem of having a negative contribution of one of the traditional primaries for any given color. A particular color will always have a positive component of each of these three primaries. As it is difficult to draw a three-dimensional diagram on which to graphically display the tristimulus values, these values are reduced to a twodimensional graph via a transformation to produce the chromaticity values, x, y, z. The x and y coordinates evaluate the quality of a color (chromaticity) and z reports the spectral luminance (lightness) of the sample.
Another color space, CIELAB or CIE L*a*b*, has been developed by the CIE in 1976 on the basis of the differences of three elementary color pairs: red -green, yellow-blue and blackwhite. Hue and chroma are defined by the coordinates a* and b*, which can have both positive and negative values. The third characteristic, brightness, is designated by L* with scale values ranging from 0 (black) to 100 (white).
Thus, in the approximately uniform CIE L*a*b* space, color differences can be calculated as a third dimension distance between the two samples [30 -32] .
Tristimulus coordinates, CIELAB L*a*b* parameters and color difference DE for each sample were measured. The results are presented in Table 13 for every sample for the dark and the white phases every five days of accelerated aging until the end of the procedure. The first value of DE column refers to the total color change before the exposure and the 30th day.
Figures 22 -25 depict the variation of brightness L* for four samples for the dark and the white phases during the experimental period.
The color change DE of the last day of exposure compared with the state of each thermochromic sample before the exposure is presented in Figure 26 , while in Figures 27 and 28 , the variation of DE for each sample for the dark and the white phases during the experimental period is depicted.
ANALYSIS OF THE RESULTS
The analysis of the solar reflectance values of the thermochromic samples during the experimental period reveals that in every case SR increases in the dark phase, while in the white phase decreases. As it derives from Figures 5-16 and Tables 2-13, the variation of solar reflectance is mainly in the visible part of the spectrum. The uncovered sample 30 d after the exposure to accelerated aging conditions has increased the SR value by 8% and SRvis by 16% at the dark phase compared with its condition before exposure. At the white phase, the reduction of SR is 7.6% and of SRvis is 17.6%. The use of UV filter did not improve significantly the dark phase of thermochromic effect, while at the white phase, SR was reduced by 5% and SRvis was reduced by 9.7% compared with the uncovered sample. Thus, the cut-off of the ultraviolet radiation does not ensure the improvement of the thermochromic behavior of the samples. The results of the use of optical filters prove that besides the UV part of the radiation, there are parts of the visible that also affect and degrade the thermochromic properties. Combined use of UV and optical filters further protects the thermochromic coatings depending on the parts of the visible spectrum that are transparent in each case. Particularly, the greatest degradation is presented to the sample with the blue filter, presenting an increased SR value by 3.4% and SRvis by 7% at the white phase. Samples covered with the green and yellow filter show an increased SR value by 0.7% and SRvis value by 1.4% for the dark phase, while for the white phase, the percentage of reduction of the SR is 0.8% and of the SRvis is 4.4% for the green filter. For the yellow filter, the Table 14 . Position of samples in Figure 21 . reduction is 1.7% for SR and 6.2% for SRvis. Covering the sample with a red filter, which cuts off wavelengths below 600 nm, protects most efficiently the reversible color change of the thermochromic coating as the solar reflectance at the dark phase remains unaffected during the whole experimental period. The white phase presents the lowest change compared with the other samples, 0.8% for SR and 2.6% for SRvis. The degradation of thermochromic properties was observed first at the samples where the filters are transparent at the parts of the visible spectrum closer to the ultraviolet, mainly in blue, green and yellow, while the sample with red filters remained unaffected at the dark phase and changed slightly at the white.
The results are confirmed by the color measurements as presented in Tables 15 -26 , which show the color coordinates, CIELAB L*a*b* parameters and color difference DE. Brightness L* at the dark phase increases, while at the white decreases (Figures 23 -26) . For the uncovered sample and the sample with the UV filter, the biggest change in brightness is noticed during the first 10 d of exposure. Afterward, the brightness in both phases matches as the thermochromic properties are lost and the color change is irreversible. The samples that are covered with combinations of UV and optical filters and especially with yellow, green and red filter present smaller changes in brightness and distinct separation between the dark and the white phases during the whole experimental period. More precisely, at the sample with the red filter that provides the best protection of thermochromic characteristics, the change of brightness is 2.5% for the dark and 1% for the white phase.
The results of color change DE are in accordance with the previous results. As observed in Figure 27 , the higher values until the last day of exposure are noticed for the uncovered sample and the sample with the UV filter, equal to 47 in both samples at the dark phase and 7 and 8.5 in the white phase, respectively. The results for the combination of UV and red filter present the lowest DE equal to 2.6 at the dark phase and 3.6 at the white. The variation of DE every 5 d of exposure to accelerated aging conditions (Figures 30, 31) confirms that in the first 15 d the greatest color change occurs in the uncovered and the sample with the UV filter in both phases. Significant color change DE also occurs in the sample with the blue filter, which is transparent at the range of 390 -490 nm, which is closer to the UV part of the spectrum. Consequently, this sample is affected more from the aging procedure compared with the other samples. The variation of DE at the sample with the red filter is minor.
CONCLUSIONS
Decreasing energy loads and improving the urban microclimate is a major concern that has put across a challenge of evolving techniques and materials with advanced properties.
Thermochromic systems can function as energy-saving systems. For high temperatures, during summertime thermochromic coatings have the ability to reflect solar energy, reducing the surface's temperature, while in wintertime absorb solar energy, increasing the surface' temperature as reversible color change takes place.
However, photodegradation is a major problem for thermochromic materials when exposed to outdoor environments. Various methods have been tested by applying different UV absorbers with different techniques in the thermochromic coatings, to photostabilize the color-changing effect of the material. The results, however, show that the performance of the thermochromic material was not improved and the degradation problems remain. This indicates that not only the ultraviolet but also other parts of the solar radiation interact with the molecular bonds, having a negative effect on thermochromism.
The scope of this work is to detect the parts of solar radiation that damage thermochromism. For this reason, six samples of red thermochromic coating applied on concrete tiles were prepared and covered with different combinations of UV and optical filters. The samples were subjected to accelerated aging conditions for a one-month period and their optical characteristics (reflectance, color coordinates and color difference) were periodically measured.
Variation of SR is mainly detected at the visible part of the spectrum. The uncovered sample, 30 d after the exposure to accelerated aging conditions, has increased SRvis value by 16% at the dark phase compared with its condition before exposure. At the white phase, the reduction of SRvis is 17.6%. The use of UV filter did not improve significantly the dark phase of thermochromic effect, while at the white phase, SRvis was reduced by 9.7% compared with the uncovered sample.
The degradation of thermochromic properties was observed mostly at the samples where the filters are transparent at the parts of the visible spectrum closer to the ultraviolet, mainly in blue, green and yellow, while the sample with red filters remained unaffected at the dark phase and changed slightly at the white.
The results of color change DE are in accordance with the reflectance results. The higher values until the last day of exposure are noticed for the uncovered sample and the sample with the UV filter, equal to 47 in both samples at the dark phase. The results for the combination of UV and red filter present the lowest DE equal to 2.6 at the dark phase and 3.6 at the white phase. The variation of DE every 5 d of exposure to accelerated aging conditions confirms that in the first 15 d, the greatest color change occurs in the uncovered sample and the sample with the UV filter in both phases. Significant color change DE also occurs in the sample with the blue filter, which is transparent at the range of 390 -490 nm, which is closer to the UV part of the spectrum. Consequently, this sample is affected more from the aging procedure compared with the other samples. The variation of DE at the sample with the red filter is minor. The stabilization of one thermochromic sample under intense and prolonged weathering conditions that is accomplished in this work is a breakthrough in the field of thermochromism. Considering also the advantages that can be derived from the color-changing properties concerning energy efficiency in buildings, indoor air environment and urban microclimate encourage further investigation. Future work including nanotechnology and thin-film techniques to deviate the incident radiation through multiple refractive layers and conduct heat can further improve the photostabilization of the thermochromic coatings preserving at the same time the thermochromic effect.
